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Abstract—Organic materials combined with strongly guiding
silicon waveguides open the route to highly efficient electro-optical
devices. Modulators based on the so-called silicon-organic hybrid
(SOH) platform have only recently shown frequency responses up
to 100 GHz, high-speed operation beyond 112 Gbit/s with fJ/bit
power consumption. In this paper, we review the SOH platform
and discuss important devices such as Mach–Zehnder and IQ-
modulators based on the linear electro-optic effect. We further
show liquid-crystal phase-shifters with a voltage-length product
as low as Vπ L = 0.06 V·mm and sub-μW power consumption as
required for slow optical switching or tuning optical filters and
devices.
Index Terms—Integrated optics, silicon, organic materials, liq-
uid crystals, nanophotonics, elecrooptic modulators.
I. INTRODUCTION
S ILICON photonics when combined with the many optionsoffered by organic molecules forms the base of a powerful
technology - the silicon-organic hybrid (SOH) platform [1], [2].
This platform is of considerable interest since it adds strong
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linear-electro-optic effect and a variety of other optical proper-
ties to the toolbox of silicon photonics.
A platform that allows for a smooth cointegration of passive
and active photonic devices, and that also has the potential to
cointegrate photonics with electronics, is one of the long-term
visions of the datacom and telecom industry. There are only a
few platforms that could meet the combined needs of the pho-
tonics and electronics world. The few contenders are the Si,
the InP, and the GaAs semiconductor platforms. Among these,
the silicon platform is unique because the material is widely
available at low cost and is already the mainstay of the elec-
tronics industry [3]. However, silicon has issues when applied
for photonics. Due to its centro-symmetric crystal structure it
does not provide a χ(2)− nonlinearity, and thus defie building
of electro-optic modulators based on the linear-electro-optic ef-
fect. On the other hand, the χ(3)− nonlinearity is sufficientl
large but its usefulness is diminished by two-photon absorption
(TPA). Finally, crystalline silicon does not support spontaneous
emission of light, so an integrated silicon laser remains an elu-
sive challenge of its own right.
While the silicon photonics community has responded to
these challenges with a set of innovative monolithically inte-
grated solutions [4], there have been numerous activities with
respect to the SOH platform that increasingly holds promise
to overcome most obstacles [2]. In the SOH approach, optical
modes are strongly guided by conventional silicon-on-insulator
(SOI) waveguides, but the functional properties of the wave-
guide have their origin in an organic nonlinear cladding. Thanks
to the large variety of organic cladding materials, almost any
property can be grafted onto a waveguide [5]–[12].
In this paper, we firs review the SOH approach in general.
We then focus on the SOH Pockels effect phase-shifter. Due to
the fast response, it is ideal for use in modulators. We then dis-
cuss differentmodulator realizations, such as theMach–Zehnder
(MZ) modulators or the in-phase/quadrature-phase (IQ) mod-
ulators. Bandwidth, power consumption, and drive voltage are
considered in detail. Finally, we report on an alternative ap-
proach which exploits a liquid–crystal cladding instead of a
χ(2)− cladding for building phase-shifters. The result is a phase-
shifter with record high efficien y and record low-power con-
sumption but a slow response. These phase-shifters are ideal for
tuning filte responses.
II. SOH—THE PLATFORM
In the SOH approach, a conventional SOI waveguide is func-
tionalized with an organic cladding material. This way critical
Fig. 1. Different types of silicon organic-hybrid waveguides with magnitude
of electric fiel plotted for quasi-TE modes. (a) Strip waveguide with an organic
cladding. (b) Slot waveguide where the light is strongly confine to the slot
fille with an organic material. (c) Strip-loaded slot waveguide where metal
electrodes are connected to the two rails of the slot waveguide by doped silicon
strips (stripload). Both, the modulating fiel and the optical mode are well
confine to the slot. For efficien electro-optic modulation the slot needs to be
fille with an adequate electro-optic material. Plots derived from [28]. (d) High-
order mode for double-slot waveguide dispersion-engineered for phase-matched
difference-frequency generation (DFG) [17].
fabrication steps can rely on high-yield processes based on
CMOS fabrication technology of an SOI wafer and the func-
tional organic material can subsequently be deposited onto the
wafer. Typical organic cladding materials vary from highly non-
linear χ(3) oligomers such as DDMEBT [13] for efficien four-
wave mixing [8], to highly-nonlinear χ(2) chromophores [14],
[15] for high-speed modulation [16] and difference-frequency
generation [17], to polymer-dispersed dyes for optically pumped
lasers [18], [19], to liquid-crystals for low-voltage phase-shifters
[20].
In the following, we discuss two important components: Ac-
tive SOH waveguides, and the strip-to-slot converter that is
needed to perform a transition from passive strip to active slot
waveguides.
A. SOH Waveguide Structures
For maximizing the optical interaction with the organic
cladding and for optimizing other device-dependent properties
such as minimizing TPA, maximizing the overlap with an exter-
nal modulating field optimizing phase-matching between dif-
ferent optical modes, or minimizing optical losses, the designer
can choose between four basic waveguide structures: A simple
strip waveguide, a slot waveguide, a strip-loaded slot wave-
guide, and a double-slot waveguide; see Fig. 1. The properties
of these waveguides are summarized in Table I. All waveguides
depicted in Fig. 1 share the common feature of having a high-
refractive index core (nSi=3.48) and a low-refractive index or-
ganic cladding (which typically ranges between 1.5 and 2).
When considering quasi-TE modes, the discontinuity of the
refractive index leads to a discontinuity of the electric field
an effect which is known as “field-enhancement [2] and im-
proves the optical interaction between the optical mode and
the cladding. Additionally, the SOH concept allows the user to
freely choose the cladding among the immense variety of avail-
able organic molecules, many of which have been developed
and optimized for longer than a decade [13]–[15].
In the following, we review these waveguide structures with
respect to their ability for nonlinear applications and electro-
optic modulation.
1) Strip waveguide, see Fig. 1(a): The advantage of the strip
waveguide is ease of fabrication and low optical losses.
In strip waveguides, losses are meanwhile approaching
0.2 dB/mm [21]. (Remark: In ridgewaveguides with lower
mode confinemen losses are below 0.2 dB/mm [22] and
in planar waveguides with very weak guiding even record
low losses of 0.1 dB/m have been reported [23]). Phase-
shifters with polymer cladding [24] and with liquid crys-
tals [25] have been demonstrated with strip waveguides,
but the large separation of the contact electrodes used for
modulation, which is typically a few microns require rel-
atively high driving voltages.
2) Slot waveguide, see Fig. 1(b): The structure offers a high
confinemen of the optical mode in the slot [5], [8]. This
has been successfully exploited for reducing TPA in the
silicon core for nonlinear processes at high optical pow-
ers [8], [26] and for increasing the optical interaction with
optical dies for lasing [18]. The slot is however more
difficul to fabricate and often requires high-resolution
193 nm DUV lithography or e-beam lithography. The
fiel enhancement on the slot sidewalls also increases
propagation losses, which are typically in the range 0.7–
1.5 dB/mm [21], but are expected to decrease as advanced
technologies improve the surface smoothness [27]. And
while vertical slots so far are more common [5], [28],
[29], ease of fabrication might also make a good case for
horizontal slots [30].
3) Strip-loaded slot waveguide, see Fig. 1(c): This structure
is ideal for electro-optic devices [9]–[11]. Its conductive
silicon strip-loads connect the two rails of the slot wave-
guide with metal electrodes [2], [11]. If the strip-load re-
sistance is sufficientl low, a voltage applied on the metal
electrodes will almost entirely drop across the slot. The
ribs to both sides of the slot and the slot itself can be op-
timized so that quite a fraction of the optical signal is in
the cladding [17].
Since the slot is typically only 100 nm wide, and both
electrical and optical modes almost ideally overlap in the
narrow slot, only low voltages are needed to induce a very
high refractive index change in the nonlinear material of
TABLE I
CHARACTERISTICS OF SILICON-ORGANIC HYBRID WAVEGUIDE STRUCTURES
the slot. The structure has to be engineered for low optical
and low RF electrical losses though. Optical losses are not
only due to imperfect surfaces but also due to free-carrier
absorption (FCA) from the doped strip loads. For making
the silicon strips sufficientl conductive without causing
excessive optical losses, it has been suggested to use gate-
induced accumulation layers instead of ion-implantation
[31]. Further, the structure has to be optimized for low RF
losses which again are in part due to the conductive strip
loads [32]. The fabrication of this type of waveguide is the
most elaborate, and requires high-resolution lithography,
different etch depths, ion implantation, metallization, and
passivation [16].
4) Double-slot waveguide, see Fig. 1(d): This type of wave-
guide can be dispersion-engineered to achieve phase-
matching using higher order quasi-TE modes for second-
order nonlinear optical mixing such as mid-IR difference
and sum-frequency generation (DFG, SFG) as well as
second harmonic generation [17]. Most of the light is con-
fine inside the slots, and this fiel concentration again
maximizes the nonlinear optical interaction with the χ(2) .
The various advantages and disadvantages of the four struc-
tures are summarized in Table I. A more extensive review on
nonlinear effects in silicon may be found in [33].
In the following, we will concentrate on Fig. 1(c) since this
is the preferred geometry for building the most efficien electro-
optic SOH modulators.
B. Strip-to-Slot Converter
The standardwaveguides in silicon photonics are strip waveg-
uides. If a silicon circuit comprises active sections with slot
waveguides, then these typically must be accessed via strip
waveguides, meaning that strip-to-slot converters are needed.
These converters must meet the following objectives.
1) The transition must occur with low losses as well as low
reflection for avoiding multipath interference.
2) The two rails definin the slot must remain electrically
separated, since these are connected to electrodes with
different potentials [16].
Previously proposed strip-to-slot converters were based on
linear tapers [34]. A Y-shaped converter has been proposed by
Brosi et al. [11] and a transition loss of 0.13 dBhas been reported
[35]. Recently, a very short strip-to-striploaded slot waveguide
converter has been introduced that meets all the above listed
requirements with losses of 0.02 dB per converter [28]. We
summarize the results of this publication and refer the reader
to [28] for more details.
Fig. 2(a) depicts the low-loss converter for coupling a strip
waveguide to a strip-loaded slot waveguide. The converter com-
prises two sections. In each of the sections, the width of one of
the two rails of the slot waveguide is logarithmically tapered.
Further, the two rails of the slot waveguide are attached to
45-nm-thick silicon striploads that connect the waveguide to
metal electrodes. The stripload is tapered at the begin of Section
I to ensure a smooth transition.
The strip-to-slot converters as depicted in Fig. 2(a) were re-
alized with the following parameters. In converter Section I, the
slot widthwslot has been tapered down logarithmically from 240
to 120 nm, and rail 2 tapers up from 120 to 240 nm. Section II
comprises the logarithmic taper of rail 1 to the fina symmetric
strip-loaded slot waveguide. The slot width and the width of
rail 2 remain constant in this section. The lengths of Sections I
and II were 4 μm and 8 μm, respectively. The strip was 240 nm
thick, and the stripload section was as thin as 45 nm.
Fig. 2. (a) Simulation showing howa signal in a stripwaveguide ismapped into
a slot waveguide by means of a strip-to-stripload converter. The plot shows the
electric fiel distribution in the logarithmically tapered strip-to-striploaded slot
mode converter. To the left of Section I one can also see a one-sided logarithmic
uptaper of the stripload. (b) Measured loss per converter in a wavelength range
between 1480 and 1580 nm. The average loss in this wavelength range is 0.02 dB
per converter [28].
Results of the experimentally realized tapers from e-beam
lithography in a wavelength range from 1480 to 1580 nm are
shown in Fig. 2(b). The average loss per converter is as low
as 0.02 dB in the measured wavelength range. The losses are
plotted as loss per converter, while the actual experimental re-
sults are derived from a cascade of 30 pairs of strip-to-slot and
slot-to-strip converters.
III. SOH MODULATORS
Modulators are key elements in optical communications.
They are needed to encode information onto an optical carrier. In
the past, information was mostly encoded by on-off keying onto
an optical carrier and turning the light ON and OFF with suffi
cient extinction ratio was considered good enough. Meanwhile,
information is often encoded using the quadrature-amplitude
modulation (QAM) format, a modulation format where multi-
ple levels of both phase and amplitude are encoded [36], [37].
In the foreseeable future software define transmitters will be
used to encode any shape (including precompensation) and any
modulation format onto an optical carrier [38]. Future mod-
ulators thus need to reliably encode any point on the complex
constellation space on an optical carrier. In the industry such am-
plitude and phase-encoding is typically realized with MZ and
IQ modulators. Both MZ- and IQ-modulators need true phase-
shifters as basic building blocks. Subsequently, we discuss the
MZ- and IQ-modulator configuration and comment on possible
implementations paths.
Fig. 3. Modulator configuration (a) Mach–Zehnder (MZ) modulator. An
electrical data signal (S) drives the MZ-modulator by means of CPW GSG-
electrodes. The GSG electrodes are arranged such that oppositely directed elec-
tric slot field (red arrows) build up across the waveguides so that the MZ is
operated in push–pull mode. (b) IQ-modulator configuratio where an in-phase
(SI ) and a quadrature phase data signal (SQ ) drive a nestedMZI configuration
This configuratio allows encoding of any amplitude and phase relation onto
the signal envelope. The abreviations (GC) stand for grating couplers, Voﬀ is a
dc offset voltage used to adjust the phase relation of the interferometer.
A. MZ and IQ Modulator Configu ation
We begin the discussion by introducing the transfer function
of a MZ modulator with phase-shifters on its arms
Es =
1
2
ej(
ϑ 1 + ϑ 2
2 ) cos
(
ϑ1 − ϑ2
2
)
(1)
where ϑ1 and ϑ2 are the phase changes when applying a voltage
to the phase modulators (PM) in the respective upper and lower
arms of theMZ. It can be seen that an ideal chirp-free amplitude-
shift keying signal is obtained for operating the device in “push–
pull” mode—i.e., when the phases induced in the upper and
lower arms of theMZ interferometer are chosen to have opposite
signs, ϑ2 = −ϑ1 . As an advantage of the “push–pull” operating
mode, ON-OFF switching only requires switching the phases
in the arms between +π/2 and −π/2, so that full switching
requires a voltage swing of Vπ/2 only rather than Vπ , with Vπ
the voltage required to shift the phase by π. An MZ modulator
configuratio is depicted in Fig. 3(a).
By nesting two MZ modulators where each is operated in
push–pull mode and both are offset by π/2, one can encode
the in-phase and quadrature information of a signal indepen-
dently. Often a bias-T is used to adjust the relative phase within
the interferometer by a dc offset voltage Voﬀ . The MZ and IQ
modulator configuration are depicted in Fig. 3.
B. SOH “Push–Pull” Phase Modulator
Phase-modulators are not straight forward to implement in
silicon, as the material is centro-symmetric and does not offer
a linear-electro-optic effect. Yet, the silicon photonics commu-
nity has found ways to build modulators using the plasma ef-
fect [4]. This means that free carriers are either injected [39]
or extracted [40] from a p-n/p-i-n-junction or capacitor located
Fig. 4. Schematic cross section of an SOH Mach–Zehnder (MZ) modulator,
showing two phase modulators with Si strip-loaded slot waveguides (WG),
fille and covered with a nonlinear cladding. Coplanar RF transmission lines
(GSG, ground-signal-ground) are arranged along the slot waveguides. If an RF
voltage is applied on the S-electrode it creates oppositely directed electric field
in the slot (red arrows). If the nonlinear material is poled along one direction
(green arrows) the modulating RF voltage leads to opposite phase shifts in both
interferometer arms. The lower left inset depicts the color-coded dominant x-
component |Ex | of the optical electric fiel in the slot WG cross section. The
lower right inset displays the modulating electrical RF field Both field are
strongly confine to the slot. The Figure is derived from [47].
within the silicon waveguide. This way the permittivity changes
due to a free-carrier refractive index (FCI) variation. However,
FCI is inevitably accompanied by FCA [41]. This makes access-
ing a particular point within a complex constellation diagram
more difficult Despite these obstacles, plasma effect silicon
modulators for QPSK signals [42], 16QAM signals [43] and
with bandwidths of up to 50 GHz have been demonstrated [44].
Alternatively, some groups have been growing strained silicon
layers, thereby breaking the centro-symmetry of crystalline sil-
icon such that a linear electro-optic effect could be exploited
[45], [46].
The SOH platform allows for an alternative path toward the
realization of a true phase-modulator [9]–[11], [16]. To explain
the operation principle in more detail, we show a sketch through
the cross section of anMZmodulator in Fig. 4. This figur shows
the upper and lower arm of the strip-loaded slot waveguides that
form the MZ-modulator of Fig. 3(a) together with the ground-
signal-ground (GSG) travelling wave RF electrodes. The two
slot waveguides shown in blue are fille with the nonlinear
electro-optic material. A simulation of the optical fiel in the
slot is shown in the lower left inset. It can be seen that the
large index contrast between Si of nSi = 3.48 and the nonlinear
polymer npoly = 1.7 causes an enhancement of the dominant
electrical fiel of the optical quasi-TE wave inside the slot. The
ribs of the slot are connected to the GSG electrodes of a coplanar
RF waveguide. When an RF voltage is applied to the metals and
by this to the conductive striploads of the Si rails, the electric
fiel drops off across the slot fille with the nonlinear, insulating
polymer (lower right inset). This way the optical and electrical
field are both confine to the narrow slot such that the overlap
of the two field is high resulting in an efficien modulation.
We now become more quantitative and state the total phase
shift obtainable with an electro-optic modulator of lengthL [11]
Δφ0 = k0ΓΔnL (2)
where k0 is the wave number of the signal and the refractive
index change Δn is proportional to the electro-optic coefficien
rxxx
Δn = −1
2
nx rxxx ERF ,x , ERF ,x = VRF,x/wContact (3)
where the RF electric fiel ERF ,x is aligned along the x-axis
and is due to a voltage VRF ,x applied across the slot of width
wContact and where the optical transverse electric fiel Ex is
propagating in an electro-optic material with refractive index
nx along the x-axis. We further have the interaction factor Γ:
Γ =
∫
gap
nx
Z0
|Ex |2 dA
/∫

(
E × H∗
)
· ez dA (4)
with Z0 the free-space wave impedance, E and H the electrial
and magnetic field of the optical mode, and ez the unit vector
along the propagation direction. It should be stressed that Γ is
not the confinemen factor, which usually gives the ratio of the
total power in the active section to the total power of the mode.
Here, Γ is only the ratio of the power that interacts with the
material and the applied electrical fiel to the total power. So
for instance, in our case only the components |Ex |2 transverse
to the slot and in parallel to the applied electrical fiel ERF ,x
contribute to the interaction [11].
As an example, we calculate the interaction factor of the
strip loaded-slot waveguide from Fig. 1(c) with the waveguide
dimension as per footnote of Table I. The total interaction of
the optical fiel with the nonlinear cladding is Γ = 0.62. Yet,
only a fraction of Γ = 0.23 of the signal is in the slot where
the electrical fiel is strongest. A fraction of 0.39 of the light is
in the cladding and will contribute only little to the refractive
index change; thus, one could conclude that the structures from
Fig. 1(a) or (b) might be more advantageous. Yet, what really
matters is the total phase-shift for a given applied voltage VRF,x .
This total phase-shift increases to the same extent as wContact
decreases. In the strip and slot structures of Fig. 1(a) and (b), the
metallic contact wContact would typically be 3.2 μm apart from
each other. In the strip-loaded slot structure, the doped layers are
identical to the slot width and thuswContact = wslot = 160 nm.
As a consequence the achievable phase-shift of the strip-loaded
slot structure is about 13 times more efficien when the strip
structure for the same applied voltage. Similarly, the achieveable
phase-shift of the strip-loaded structure is about 6 times more
efficien than the slot waveguide structure.
Finally, we should touch upon the art of poling the nonlinear
polymer in the slot. Thanks to the fact thatmodulators comewith
metallic CPWs the active molecules of the nonlinear material
can be aligned during fabrication by applying a poling voltage
(green arrows) across the GSG electrodes. This way they are
poled along the same direction. In operation, when an RF signal
on the S-electrode is applied (red arrows), it will cause a positive
phase shift in one arm and a negative phase shift in the other
one, which is exactly what is needed for to operate the MZI in
push–pull operation mode.
C. Bandwidth Considerations
One of the most important characteristics of a modulator is
its bandwidth which determines its modulation speed. For the
strip-loaded slot waveguide shown in Fig. 1(c) switching can be
performed with devices having a length of only 0.5 mm [48].
For such a length, the main bandwidth limitation derives from
the RC-time constant, where C is the capacitance of the active
region (slot), and R is the resistance of the strip-load. The next
important limiting factor is the high attenuation of the radio
frequency (RF) wave propagating on the travelling wave elec-
trodes, which can be as high as 5 to 10 dB/mm at 100 GHz,
see Table I and [32]. For longer devices and sufficientl low RF
losses, also the walk-off between the optical and the electrical
signal might become relevant [11], [32]. With these consider-
ations in mind, we now discuss the bandwidth limitations in
more detail. The discussion will be somewhat simplistic but
useful to get an intuitive understanding. A proper design would
require sophisticated modeling and intricate RC-circuit discus-
sions [32], [49].
Electrical RC-limitations: In the strip-loaded MZI device de-
picted in Fig. 4, the voltage across the silicon rails should be
at best the same as the voltage across the metal electrodes for
any modulating frequency f . This requires charging of two slot
capacitances C through the strip-load resistance R as depicted
in the equivalent circuit in Fig. 5(a). The corresponding 3 dB
bandwidth reads [11]
f3dB =
1
4πRC
(5)
where the capacity of a single slot is C and the capacity for
the two slots in an MZI is included by a factor 2 C. In order
to increase the bandwidth, one either needs to decrease the
capacity or decrease the sheet resistivity of the strip load. The
capacity could be decreased by increasing the slot width—this
however would be at the expense of increasing the operation
voltage. The resistivity in the strip-load can be decreased by
increasing the doping. This works well indeed and is frequently
done. However, it comes at the price of higher optical losses due
to the doped layers.
Recently, the resistivity was reduced and the bandwidth in-
creased by applying a gate voltage that created a highly conduc-
tive electron accumulation layer at the silicon/silica–insulator
interface [16], [48]. The scheme is shown in Fig. 5(a) and plots
of frequency responses are shown in Fig. 5(b) and (c). The
scheme works as follows. To generate a thin and highly conduc-
tive carrier accumulation layer, a voltage is applied between the
strip loads and the bottom silicon substrate which acts as a gate.
A thin carrier accumulation builds up at the interface between
the silicon strip-load and the SiO2 layer. We have plotted the
frequency response of a 500 μm long phase-modulator section
in Fig. 5(b). A 3 dB frequency response beyond 100 GHz can be
seen. The data are normalized to a 10 dBm launch power (1 V
amplitude at 50 Ω characteristic impedance). Fig. 5(c) shows
that the frequency response increases when applying different
Fig. 5. Concept of an electron accumulation layer for increasing the stripload
conductivity together with experimental results. (a) SOH-modulator showing a
silicon slot waveguide connected to the metal electrodes by thin silicon strip-
loads. In this concept the weakly doped silicon substrate acts as a gate electrode.
When a positive gate voltage Vgate is applied across the 2-μm-thick SiO2
substrate, a highly conductive electron accumulation layer forms in the strip-
loads due to bending of the energy bands in the strip loads [16]. The thickness
of the strip loads is 60 nm (not drawn to scale). EF ,C ,V are Fermi energy,
conduction, and valence band energy, respectively; q is the elementary charge.
The figur also shows the equivalent RC circuit for a short modulator section
(slot capacitance C , strip-load resistance R). (b) Phase modulation index η
versus frequency for a gate fiel of 0.2 V/nm. (c) Phase modulation index η
versus gate fiel for selected modulation frequencies. The bottom two figur
are taken from [48], where it is further shown how the gate voltage can be
decreased.
gate fields Our measurements also indicate that for thin layers
and a given sheet conductivity, one obtains lower losses with the
accumulation layer technique rather than by doping. A thorough
discussion of the effect is given in [31].
Limitations due to walk-off and microwave attenuation: De-
pending on device length and modulation frequency, one cat-
egorizes modulators into either “lumped” or “traveling wave
(TW)” types. In the firs case, the device is much shorter than
the RF wavelength. In the second case, the modulator can in
principle be arbitrarily long. However, spatial walk-off between
electrical wave and optical signal as well as the RF attenuation
impair the bandwidth. We now discuss these problems in more
details.
The total phase change induced by an RF signal oscillating at
the frequency f and propagating along a phase shifter of length
L is given by [50]
Δϕ(f, t) = Δϕ0 · 1
L
∫ l
0
e−αe l z/2 cos
(
2πf
(τvm
L
z − t
))
dz
(6)
where t is the time, Δϕ0 is the phase-change due to the linear
electro-optic effect from a dc fiel and αel is the RF power loss
constant and the accumulated group delay τvm is
τvm =
∣∣∣∣ Lvg,el −
L
vg,opt
∣∣∣∣ (7)
with the electrical group velocity vg,el and optical group ve-
locity vg,opt . Equation (6) shows how an induced phase shift
Δϕ0 decreases with frequency in the presence of a group veloc-
ity mismatch or due a lossy coplanar microwave transmission
line. If attenuation is neglected, the 3 dB bandwidth limitation
associated with (6) is [11]
fwalk-oﬀ ,3 dB ∼= 0.5
L
1
τvm
. (8)
This walk-off usually can be neglected for mm-sized devices.
For example, for a device of 1 mm length a large group delay
of up to 5 ps would still result in a 100 GHz bandwidth.
D. Energy Consumption
An advantage of the SOHmodulator concept is its low energy
consumption. The power consumption is low because of two ef-
fects [10], [11]. First, the modulating voltage drops across the
narrow slot resulting in a high RF-fiel in the polymer infiltrate
slot and second, because of organic materials with increasingly
larger electro-optic coefficient [51]. To estimate the energy
consumption, it is desirable to have closed-form expressions.
We will firs derive approximate expressions for the energy
consumption, and will then report on firs experiments demon-
strating SOH modulators operating with as little as 60 fJ at
12.5 Gbit/s [52], [53]. The following discussion is mainly for
illustrative purposes and requires more elaborate considerations
for accurate results.
The power consumption can roughly be estimatedwith closed
expressions for either of the two extreme cases of a lumped or
a traveling wave modulator.
The traveling wave modulator, see Fig. 6(a), typically needs
an electrical termination matched to the wave impedance in or-
der to avoid reflection of RF waves that would interfere with
the signal of the next bit. When a matched termination is used,
the total power launched into the modulator is dissipated—in
part by RF loss and capacitive loading, but eventually in the
terminating resistor R = 50 Ω. The voltage amplitude across
the modulator input terminal is U0 /2. For a dc-free rectangular
drive voltage with a peak-to-peak open-circuit value 2U0 , rep-
Fig. 6. Equivalent circuit models of various modulator types. (a) Traveling-
wave modulator. The equivalent circuit of the modulator’s transmission line is
composed of a series of lumped elements of length Δz. The electrical drive
signal is terminated by a 50 Ω load. R′, L′, G′, and C′ are series resistance,
series inductance, shunt conductance, and shunt capacitance per unit length. U0
is the open circuit peak voltage of the source. (b) Simplifie model of a ter-
minated lumped modulator. The peak-drive voltage U0 /2 across the modulator
input terminals is half the open-circuit source voltage U0 . The total RF power
is dissipated by capacitive loading and by the 50 Ω termination. (c) Simpli-
fie model of an unterminated lumped modulator. The on-chip drive voltage
U0 equals the open-circuit voltage of the source. Power dissipation inside the
modulator is dominated by capacitive loading. Residual power is reflecte back
to the source.
resenting an alternating series of logical ones and logical zeros
with a bitrate BB , the energy consumption per bit can thus be
approximated byWbit = (U0/2)
2 /R/BB . TWmodulators are
energy-efficien when CPW losses are low and the optical and
electrical CPW can propagate over long distances without walk
off [54].
For a lumped modulator, the device is short and can be op-
erated without terminating resistor. Many resonant modulator
configuration in fact are lumped modulators that are usually
operated without termination. Examples are slow-light struc-
tures [11], [55] or ring resonator structures [56], [57]. Short
nonresonant modulators can also be operated without termi-
nation [53]. As an additional advantage of the unterminated
lumped modulator, the in-device modulation voltage (the volt-
age made available at the electrodes of the device) is about U0 ,
i.e., it nearly doubles as explained in Fig. 6(c) as compared
to the terminated case, Fig. 6(b). The energy consumption of
the modulator is then dominated by the capacitive load of the
slot waveguide. For the lumped device, we estimate the power
dissipation associated with charging and decharging the total
modulator capacitance CMZM = 2 CPM as seen by the CPW to
be Wbit = CMZM × U 2drive/4, where CMZM is the capacitance
of the MZM comprising two PM and CPM is the respective
capacitance of one PM. This again assumes equal probabilities
of logical ones and zeros, and it takes into account that only
transitions consume energy [58].
As an illustrative example, we recently characterized a
10 Gbit/s on-off keying SOH-Modulator of 1.5 mm length with
an 80 nm wide slot [52]. The modulator can be operated in two
ways.
1) First, we operate the device with a 50 Ω termination and
use a peak-to-peak drive voltage Udrive of 800 mVpp (i.e.,
an amplitude of 400 mVp ). Vπ − the voltage needed to
switch an MZI modulator from minimum to maximum
transmission was found to be 2.5 Vpp for high data rates.
However, also smaller voltages suffic to get a clear and
open eye. In our experiment the energy per bit thus was
only 320 fJ when driving the modulator with 800 m Vpp .
2) Since the device is short and when limiting the bit-rate to
a slower 10 Gbit/s, then operation without a termination is
possible. At this data rate the modulator acts as a lumped
device. The capacitance of the MZI modulator was found
to be CMZM = 2 CPM = 378 fF, which resulted in an en-
ergy consumption of 60 fJ/bit. Currents f owing due to
bias and gate voltages were measured to be below 2 nA
and below 100 fA, respectively, contributing a negligible
energy consumption of less than 3 aJ/bit.
E. High-Data Rate Modulation Experiments
In this section, we demonstrate MZ and IQ modulators
that generate advanced modulation formats at speeds up to
112 Gbit/s. The modulators exemplarily show that integrated
circuits comprising fairly complex active and passive elements
can be fabricated using the SOH platform. An in-depth de-
scription of both the structure and the experiment can be found
in [47].
We implemented MZ and IQ-modulator configuration de-
picted in Fig. 3. For the fabrication, the silicon photonics plat-
forms of IMEC and CEA-Leti were used to implement the
structure of Fig. 7, where processes were optimized to allow a
mass fabrication of the strip-loaded slot waveguide structure of
Fig. 1(c). We use SOI wafers, which have a 220-nm high wave-
guide (WG) layer on a buried oxide (BOX) of 2 μm height. By
employing 193 nm DUV lithography slot, WGs are patterned
and subsequently etched into the WG layer (wSlot = 140 nm,
wRail = 220 nm, hRail = 220 nm). Dry etching of 70 nm of Si is
employed to make standard grating couplers [59] and rib WGs
for low loss access waveguides [60]. Ion implantations are used
to provide n-doped silicon strip-loads (hStripload = 50 nm). A
silicide f lm (on top of the highly doped silicon with nominally
1 × 1020 cm−3) is created to guarantee a good electrical con-
tact with the metallization. Different metallizations have been
used for f rst experiments, gold or aluminium electrodes were
deposited directly on the silicide striploads. For a more CMOS-
compatible back-end stack, IMEC applied an oxide dielectic
cover, and tungsten-fille vias then provided an electrical con-
tact between the slot rails (guiding the optical field and the RF
transmission line (guiding the electrical modulating wave) made
of copper damascene electrodes. The slot is exposed using a se-
lective dry+wet etch on the back-end. It is then functionalized
with a commercially available electro-optic polymer (namedM3
by the supplier GigOptix, Inc., [61], used in Telecordia certifie
polymermodulators of the samemanufacturer). It contains chro-
Fig. 7. Cross section through the phase-shifters of a strip-loaded slot phase-
shifter section of an MZI structure as implemented in [47].
Fig. 8. Microscope Image of an SOH IQ-Modulator. (a) Two rows with MZ
modulators and coplanar GSG waveguides are visible. (b) SOH strip-to-slot
converter. (c) SEM image showing detail of the strip-loaded slot structure. The
photos are taken from experiments described in [47], [28] and [16] respectively.
mophores which are aligned in a poling procedure [62] inside
the slot WG by applying a dc voltage at an elevated temperature
to create the χ(2) nonlinearity [18].
TheMZmodulators consist ofmultimode interferometer cou-
plers and the two phase modulator sections as schematically
drawn in Fig. 3(a). The IQ-modulators consist of four phase
modulator sections as depicted in Fig. 3(b). A photograph of a
fabricated device is shown in Fig. 8. The strip-to-slot WG tran-
sitions are converters as outlined in Fig. 2 and discussed in [28]
are shown in Fig. 8(b). Finally, we show an SEM image with
the details of the strip-loaded slot structure in Fig. 8(c).
The experimental results below were achieved with a single
polarization signal around 1540 nm. Data generation and re-
ception experiments were performed in a standard test setup, as
described in [47], using a PRBS of length 211–1. A software de-
fine transmitter was used to generate the electrical signals [38].
An advantage of this transmitter is that a preemphesis can be
applied to the electrical signals for the generation of multilevel
signals.
In Fig. 9, we show results obtained with SOH MZI modula-
tors [63]. The plots in the upper row represent the constellation
Fig. 9. SOH MZM constellation and eye diagrams for 28 GBd single polar-
ization BPSK, 4-ASK and 8-ASK. (a) BPSK constellation and eye diagramwith
an EVM of 10.15% and a bit-error ratio below the detection limit of our setup.
(b) 4-ASK constellation and eye diagram with EVM of 9.85% and a BER of
2 × 10−6 . (c) 8-ASK symbols with EVM of 7.80% and a BER of 9.7 × 10−3 .
The bit rate of the 8-ASK signal is 84 Gbit/s [63].
Fig. 10. SOH IQ modulator constellation diagrams for (a) 28 Gbd single
polarization QPSK at 56 Gbit/s and (b) a 28 Gbd single polarization 16-QAM
signal with a total of 112 Gbit/s [47].
diagrams obtained for BPSK, 4-ASK and 8-ASK signals at a
symbol rate of 28 GBd. Bit-error ratio (BER) and error-vector
magnitude (EVM) measurements [64] indicate that error-free
operation is possible. All results prove a BER below the soft de-
cision forward error correction limit. The plot in Fig. 9(c) shows
an 8-ASK modulation format at 84 Gbit/s. The sampling scope
traces at the bottom illustrate transitions between the various
ASK levels. Even for the 8-ASK signal, one still can clearly see
the eight levels at the center of the plot that correspond to the
symbols in the constellation diagram above.
Results of the experimental tests performed with the SOH
IQ-modulators are shown in Fig. 10, reported also in [47].
Fig. 10(a) displays the constellation diagram of a QPSK signal
generated with an SOH modulator at a symbol rate of 28 GBd.
This corresponds to a 56 Gbit/s signal. The symbols have clear
and distinct shapes. The EVM was found to be 14.2% and bit-
error ratios are well below the error detection limit of our setup.
The constellation diagram in Fig. 10(b) shows how a 16-QAM
signal can be generated with pre-emphasis at 28 GBd which
corresponds to 112 Gbit/s. The symbols are round and distinct
indicating a good signal quality. Measurements confir that we
are below the hard-decision FEC limit with a BER of 1.2 ×
10−3 . The EVM is 10.3% without equalization at the receiver,
IV. SILICON PHASE-SHIFTERS BY MEANS OF LIQUID CRYSTALS
Phase-shifters are also important building blocks in filter and
other, especially interferometric configurations They should of-
fer lowest power consumption but do not necessarily require
fast operation. So far silicon photonic phase shifters are mainly
based on the thermo-optic effect, where resistive heaters are
co-integrated with SOI waveguides, and the large thermo-optic
Fig. 11. (a) Configuratio of a silicon-organic hybrid (SOH) liquid crystal
(LC) phase shifter. The bottom inset visualizes how LC aligns in the presence
of an electric field If no external voltage is applied to the slot waveguide
(U = 0), the LC molecules align parallel to the waveguide axis (1); for nonzero
voltages U =0, the LC will partly realign along the x-direction [20]. (b) Phase
shift, applied voltage and excess optical loss versus time. The envelope of a
100 kHz square wave is modulated with a triangular function having frequency
100 Hz. The maximum electrical amplitude is 4 V. The maximum phase shift
achieved is about 80 π . The device length is 1.7 mm [67].
coefficien of silicon is exploited to induce a phase shift by
locally increasing the temperature [65].
By using the SOH platform in combination with a liquid crys-
tal (LC) it is possible to achieve phase-shifting with extremely
low power consumption [20], [25], [66]. In this sectionwe report
on a phase shifter with a record-small voltage-length product of
VπL = 0.06 V·mm [67]. This is obtained by combining liquid
crystals with slot-waveguides built on the SOH platform [20].
Liquid-crystals are highly birefringent materials, which can
reorient under the influenc of an electric field This makes them
ideal candidates for electro-optic applications. Both the strip
waveguide structure of Fig. 1(a) [25] as well the strip-loaded
structure of Fig. 1(c) [20], [67] have been successfully used to
demonstrate efficien phase-shifting. Yet, the strip-loaded slot
configuratio is of particular interest because it allows applying
a large electric fiel with small voltages in a purely capacitive
input impedance configuration We therefore may expect lowest
power consumption. [67]
Fig. 11(a) depicts the strip-loaded slot waveguide used in the
experiment in a slightly different context as in Fig. 1(c). The
external voltage is applied to the metallic electrodes located at a
sufficien distance from the optical slot waveguide. The applied
voltage drops entirely across the 120 nm wide slot, creating
a strong electric fiel which can reorient the director of the
liquid crystal deposited in the slot. The resistive silicon strips
together with the capacitive slot act as an RC-circuit, whose
time constant is negligible for the frequencies involved because
of the slight doping of the silicon strips [16]. The phase shifter
region is 1.7 mm long and has been fabricated in the silicon
fab of CEA-Leti, see [16] for a detailed description. As a liquid
crystal we used the commercially available E7 mixture, which
is commonly used in liquid crystal displays.
In order to prevent ion migration in the liquid crystal, we
applied a 100 kHz electrical square wave, as common in LC
technology. The liquid crystal orientation, and therefore the
optical phase shift, can then be tuned by varying the amplitude
of the square wave. An example is depicted in Fig. 10(b), where
the envelope of the 100 kHz square signal is modulated with a
100 Hz triangular wave having 4 V amplitude. The maximum
phase shift achieved in the 1.7 mm long device is as high as 80 π
(251 rad); see Fig. 10(b). Additionally, we observed a voltage-
dependent insertion loss [see the blue curve in Fig. 10(b)],
which is attributed to the light scattering occurring at the liquid
crystal domain boundaries [68], [69]. The maximum slope of
the phase-shift response corresponds to a voltage-length product
of VπL = 0.06 Vmm, which is, to the best of our knowledge,
the smallest value ever reported so far in a silicon-based device.
The energy needed for varying the voltage from 0 to 4V is less
than 1 pJ. This low energy is due to the small capacitance in the
order of 0.1 pF. Repeatedly varying the voltage at a frequency of
100 kHz would therefore lead to sub-μW power consumption.
Some power is also dissipated by the parallel resistance of the
device across the slot. This resistance is 20 GΩ, so that this
power contribution is in the nW range only. Because of the
high phase shifting efficien y, a device length of 100 μm is
sufficien for most applications. In this case a π-shift could be
obtainedwith a voltage swing smaller than 1V, andwith voltage-
dependent losses below 0.3 dB. The power consumption would
then decrease by another factor 16 because of the lower voltage.
V. CONCLUSION
The SOH platform addresses some of the main challenges
of silicon photonics such as efficien nonlinear mixing and las-
ing but also enables highest speed Pockels effect modulation for
optical communications and lowest voltage liquid-crystal phase-
shifting. To this date, we have demonstrated high-speedmodula-
tors with a 3 dB bandwidth larger than 100GHz,Mach–Zehnder
modulators operating beyond 40 Gbit/s and IQ-modulators gen-
erating 16QAM at a data rate of 112 Gbit/s in one polariza-
tion with lowest power consumption. We have further discussed
liquid–crystal phase-shifters and introduced them as a lowest-
power alternative to the high-speed modulators. Liquid crystal
PM are slow but operate at sub-μW powers.
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